Conductors (CICC) showed a significant and unexpected increase in the broadness of the transition to the normal state, resulting in degradation of superconducting properties. To investigate these phenomena, two CICC samples were built with identical 144 strand cables but different conduit materials. One sample had titanium conduit with low coefficient of thermal expansion, the other had stainless steel conduit. The purpose of this experiment was to study changes in strand properties in the cable (critical current, current sharing temperature, -value), the effects of cycling and high electromagnetic load, and the effect of the conduit on the CICC performance.
I. INTRODUCTION

I
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P the mismatch between CTEs of the conduit and the strands. Especially surprising was lower than expected performance of the CICC in low-CTE conduits (Incoloy and Ti), which were expected not to degrade the superconducting cable noticeably. The Toroidal Field Model Coil (TFMC) [3] , the only stainless steel (SS) CICC in this study, also showed somewhat more degradation than expected. Model Coils also showed that cyclic loads could cause yet more degradation of properties. Degradation in critical current can also be expressed as a decrease in the current-sharing temperature . One low-CTE CICC had significant degradation (about 0.5 K) [1] , and another one about 0.15 K [4] . The remaining low-CTE [2] and SS CICC [3] had cyclic degradation of less than 0.1 K, which was barely detectable.
The CICC design and analysis in ITER and many other projects are based on the correlation of Nb Sn performance by Summers-Ekin [5] based on intrinsic strain data above 0.4% and extrapolation to higher compressive strain when necessary. Data obtained recently by University of Durham group [6] on highly doped Nb Sn strands under higher uniaxial compression show a more rapid drop off with strain. This difference needs to be resolved, since it is essential to have a reliable correlation for design of Nb Sn CICC. Such uncertainty calls for verification tests to be performed in conditions as close as possible to CICC operating conditions to limit room for errors.
The Model Coil data had limited accuracy since there was noticeable scatter in the properties of the strands used. Due to a very large magnet and difficult access, it was not always possible to place the instrumentation in the best locations. Also, it was not possible to know whether handling the conductor during fabrication after the heat treatment (HT) caused any degradation.
The objective of the experiment discussed in this paper was to study the transformation of the Nb Sn strand properties in CICC, based on accurate knowledge of the initial strand properties, and to compare behavior of CICC in SS and low-CTE conduits that were undisturbed by coil fabrication operations after HT. Two identical cables made from the excess IGC strand used for the Central Solenoid Model Coil (CSMC) were encapsulated into two tubes: 304 type SS and pure Ti conduits. We bent the CICC into hairpin samples and heat-treated them. We instrumented the samples with voltage taps and temperature sensors, and tested the samples in fields up to 11 T in SULTAN facility at CRPP, Switzerland. To eliminate the current redistribution problems, the cable terminations were stripped of Cr plating and filled with SnAg solder. The conductors' layout is given in Table I . 
II. STRAND CHARACTERIZATION
The strand properties were measured in several laboratories: NIST, MIT, CRPP and UT. UT measured strain effect at two temperatures(work is still in progress), NIST and CRPP performed measurements at variable temperatures, while all MIT data were taken at 4.2 K. The scatter among the NIST, UT, and CRPP data without applied strain was small; MIT data were 2 to 3% lower. The strand properties without applied strain can be satisfactorily described by the Summers (also known as the Summers-Ekin) correlation [5] with the following parameters:
, , , assuming resulting stress of 0.25%. The strain sensitivity was measured at NIST on an identical strand that had undergone a slightly different heat treatment, resulting in 11% higher (12 T, 4.2 K, 10 ). These data, after an 11% reduction in , are shown in Fig. 1 along with the Summers correlation.
III. CICC WITH SS CONDUIT
The test procedure for the samples was as follows. After calibration runs and checks and AC tests with no transport current, measurements were attempted but were not very successful due to hydraulic instabilities above 15 K.
was then measured in the background field. We started at the lowest force at 11 T and 8 K to find out whether the first cycle of electromagnetic loading is important in the degradation evolution. and were measured at 10 over 30 cm in the high-field region. was measured by sweeping the current at was measured by sweeping the temperature at constant current. All data were taken at a He flow rate of 3 g/s through each leg. Test results on the SS sample before cycling are shown in Fig. 2 . The arrows for 11 T measurements indicate the sequence of measurements. We see that after the CICC was exposed to the highest , noticeably decreased, which shows that the very first loading affects the strand properties.
After cycling from 0 to 17 kA at 10 T and 4.5 K, the properties of the CICC degraded in a more continuous manner. of the SS sample came to saturation after about 600 cycles, as shown in Fig. 3 . The nomenclature "b.c." corresponds to "before cycles" and "a.c." to "after cycles". The dropped by 10 to 20% (higher in higher field) and in terms of , by about 0.5 K at 11 T. This agrees with data for the ITER CS Insert, which saturated at a similar number of cycles. Similar to this work, samples measured at SULTAN in 2001 [7] had saturated after about 2500 cycles, but the degradation was about 20%.
IV. CICC WITH Ti CONDUIT
The CICC with Ti conduit tests were conducted in the same manner as the CICC with SS conduit. The Ti conduit sample had higher initial and quench current ( , current at thermal runaway), as expected. The degradation of current as a result of cycling was similar to the SS CICC. In agreement with earlier results reported in [7] , the changed much less than due to cycles. Fig. 5 compares for both CICCs. depends on the helium mass flow and length of the conductor in the peak field [8] ; therefore its value depends not only on the superconducting properties, such as , but also on operating conditions. Both and of the low-CTE Ti conduit show about a 30% advantage over the SS conduit at 11 T and 4.5 K. At 12 kA and 11 T, the Ti CICC has a about 1.3 K higher than the SS CICC. This result is consistent with the ITER Model Coil results [4] , where similar performance strands (Furukawa and Europa Metalli) had about a 25 to 30% advantage in Incoloy 908 conduit (CS Insert) versus SS conduit and structure (TFMC). This advantage is lower than the 50 to 60% expected, based on the Summers correlation. Such a small difference in , with a noticeable reduction of as a result of the cyclic loads, can be explained by a reduction of the -value of the resistive transition, expressed as , where is defined at the level of . Fig. 6 summarizes the -value for the original strands and for both CICCs. As in the ITER Model Coils, the -value for CICC is significantly lower than that in the stand-alone strand, including the data before loading and at minimal values. This suggests that the degradation in the strands is at least partially caused by heat treatment in a conduit and subsequent cool-down. Quantitatively, the -value for low CTE conduits tested at Model Coils (about 8 at 40 A per strand) [1] is similar to values observed in our tests, whereas the -value measured in the TFMC (about 7-9 at 111 A per strand) is significantly lower than for SS CICC. It is unexpected to see that the low-CTE conduit did not produce higher -values in the cable than in the SS conduit. Strand data [6] , [9] on versus strain always showed a higher associated with a higher -value.
V. POST-TEST ANALYSIS AND DISCUSSION
We assume that the current is uniformly distributed over the cable, which is confirmed by negligible voltage measured across the cross section. Thus, the CICC transition represents purely strand behavior, not current transfer between the strands. To compare performance of the strand with the CICC, we need to account for where the cabled strand is located in CICC in a variable field due to the transport current self-field. We used a double spiral to model the four-stage cable, modeling only the two most important last cabling stages, and calculated the electrical field along the length of the strand. The integrated electrical field should be compared to the measured electrical field. For the sake of analysis, the varying magnetic field along the length of the strand between the voltage taps is replaced with a single value of the "effective magnetic field," which is found to fit the integrated electrical field along the strand. This effective magnetic field, , depends on the -value. For an -value of 10, is approximately equal to the median magnetic field between the peak and average in the cable cross section. That is, , where coefficient is computed to be 0.02 T/kA and is the transport current. At the highest transport currents of 30 kA, the effective magnetic self-field is calculated to be 0.6 T and the peak electrical field is about four times higher than the measured average electrical field.
The anticipated strain of the Nb Sn strands in the SS conduits, after cool-down, is between 0.55% to 0.75%. For the Ti CICC we anticipated about 0.2% to 0.3%. Although the Summers correlation may not be accurate for high compressive strains, we assess the CICC performance using the correlation in the full range of the strain, since we do not have reliable data and correlation for high compressive strain yet. This approach may mean that the strain deduced from the test data may be merely a fitting parameter rather than a real strain in the strands. But even such reservation makes analysis valuable for comparison with the Model Coils results. Also, the model can be used for CICC design if the operating conditions are not far from the test conditions.
In the Model Coil analysis, the Summers correlation was used to compare the performance of the strand in the CICC and of a stand-alone strand. It was found [3] , [10] that this correlation can describe the parameters of the CICC if a fitting parameter is introduced in the form of an extra strain in addition to cool-down and operating-hoop strain ( , zero in our test):
. This additional strain is assumed to be , which takes into account the transverse force crushing and bending the strands in the cable in the lateral direction; this is just a common-sense speculation. Using this approach we found the best fit to describe the test data and results using the Summers correlation.
The fitting results are given in Table II in terms of cool-down strain and coefficient for the extra strain. Analysis data from the Model Coil program are shown for comparison and indicate that a low-CTE conduit gives a much better Nb Sn CICC performance compared with the SS. The advantage, however, is less than expected from versus uniaxial strain data.
VI. CONCLUSION
Low-CTE conduit maintains its significant advantage in and over the SS conduit in all tested conditions. Both CICC's experience about 10% degradation in due to cycling, suggesting that the effect of cycling on is insensitive to the conduit material.
Even with careful handling after heat treatment, the degradation in for the CICC with low CTE is comparable to the degradation seen in CSMC, CS and TF inserts. We see degradation even before high electromagnetic loads are applied. Thus, low-CTE conduits do not completely eliminate degradation and is suggests that the CICCs in the Model Coil program were not damaged during fabrication.
The -value in the low-CTE conduit CICC is only slightly higher than that in the SS conduit; both are a little more than one half that of the original strand, which is unexpected and yet to be explained.
The subscale tests reproduced many Model Coil program results and gave valuable data for a CICC design database.
